Density Functional Theory (DFT) in conjuction with the Intrinsic Distortion Path (IDP) is employed to study the Jahn-Teller (JT) effect in all four diastereoisomers of tris (ethylenediamine) 2+ JT effect causes additional hydrogen bond formation and these two effects define the overall geometry of isomers.
Introduction
The Jahn-Teller (JT) theorem states that in a molecule with a degenerate electronic state, a structural distortion must occur that lowers the symmetry, removes the degeneracy and lowers the energy [1, 2] . It is familliar fact of coordination chemistry that hexacoordinated copper(II) complexes exibit a strong JT coupling. In the octahedral field five d orbitals of Cu 2+ ion split
In the present study we have considered all theoretically possible isomers of tris(ethylenediamine)copper(II) ([Cu(en) 3 ] 2+ ) and tris(ethyleneglycol)copper (II) ([Cu(eg) 3 ] 2+ ) complexes. Those complexes have four diastereoisomers, because a five membered chelate ring can adopt either δ or λ conformation, Fig. 2 , and because of the overall chirality, each of these four has a mirror image structure, ending up with a total of eight isomers: Δδδδ, Δδδλ, Δδλλ, Δλλλ, Λδδδ, Λδδλ, Λδλλ, Λλλλ [5] . Due to the identical stabilities of the enantiomers the following discussion will be limited to only the first set of four isomers of the above list.
Tris(ethylenediamine) complexes were investigated thoroughly over the years. Theoretical studies of their stereochemistry were limited in the past on the transition metals with closed shells, e.g. Co(III), and usually performed with Molecular Mechanics (MM) approach [6, 7] . Our investigation of [Co(en) 3 ] 3+ system shows a good ability of DFT to distinguish different stabilities of the diastereoisomers. Results obtained by DFT and MM are consistent, Table 1 . Energy difference between the isomers is very small, they can all coexist in the solution, and there is rapid conversion of the δ and λ conformations [8] . A new ability of the Time Dependant Density Functional Theory (TD-DFT) to predict and explain the Circular Dichroism (CD) spectra brought again tris(ethylenediamine) complexes in a focus of interest. This is explored in the works by e.g. Ziegler at all. for the calculation of CD spectra of [Co(en) 3 ]
3+ [9] and [Cr(en) 3 ] 3+ [10] , and of [Zn(en) 3 ] 2+ by Norani et all. [11] or Wang et all. [12] who investigated the influence of the different conformations of the chelate rings on the CD spectra of [Ru(en) 3 ] 2+ . On the other hand, for tris(ethyleneglicol) complexes there are no computational studies so far, and they were always considered to be completely analogues to tris(ethylenediamine) complexes. Although we have already analysed [Cu(en) 3 ]
2+ ion as a model for macrobicyclic cage complex [13] , in this work we extended the analysis of the JT effect to all four diastereoisomers. We would like to adress the question whether there is any consequence and [Cu(eg) 3 ] 2+ species. Further motivation for this work comes from our continuous interest in systems where the JT distortion arises as a consequence of coupling of the electronic states with a number of different normal modes, so called multimode JT problem. Thus, in addition we performed the analysis of the multimode JT effect on the above mentioned systems using the method recently proposed by us [4, 14] .
Computational Details
The DFT calculations reported in this work have been carried out using the Amsterdam Density Functional program package, ADF2007.01 [15, 16, 17] . Several studies [13, 18, 19] 3+ isomers LDA and the generalized gradient approximation (GGA) with Becke exchange [21] and Perdew correlation [22] (BP86) and in the form given by Perdew-Wang (PW91) [23, 24] have been compared. All electron Triple-zeta Slater-type orbital (STO) plus one polarization function (TZP) basis set have been used for all atoms. Analytical harmonic frequencies were calculated [25, 26] , and were analysed with the aid of PyVib2 1.1 [27] .
Molecular Mechanics calculations were performed with the 2007/PC version of the Consistent Force Field (CFF) conformational program [28] with the parameters developed earlier [7] , supplemented with a partial charges obtained from DFT calculations.
Calculation of the Jahn-Teller Parameters
Complexes under investigation have 2 E electronic ground state in the high symmetry nuclear configuration. This nuclear configuration is not a stationary point on potential energy surface, and there is coupling between the E electronic state with the non-totally symmetric, e, vibrations. The theory of this vibronic coupling, is well documented in the book by Bersuker [2] . The adiabatic potential energy surfaces of these molecules are completely determined with the set of parameters, defined on the Fig. 1 . The meaning of the parameters is clear: energy stabilization due to the JT effect is given by the value of E JT (or alternatively by E FC ≈ 4E JT ), and direction andE This procedure consists of the following steps: i) average of configuration calculation in the high symmetry point group. This yields the geometry of the high symmetry species. In the case of octahedral Cu(II) complexes it is necessary to place 1.5 electron into each of the e orbitals, i.e. (d
. ii) A single-point calculation imposing the high symmetry on the nuclear geometry and the low symmetry on the electron density. This is achieved by introducing an adequate occupation scheme of the MOs, e.g.
1 . This gives the energy of a Slater determinant with an integer electron orbital occupancy. iii) A geometry optimization constraining the structure to the lower symmetry point group, with the same occupancy. E JT is the difference between the energies obtained in the steps ii) and iii). Both steps are repeated for the other electronic state in the low symmetry point group. The energy of the first excited electronic state, is obtained by promoting the electron from the ground state to the first excited state for the ground state geometry. These two states differ in symmetry as indicated on Fig. 3 . Energy difference between them gives the energy of the vertical (Franck-Condon) transition E FC .
Analysis of the multimode Jahn-Teller effect
In complex molecules, the JT distortion is always superposition of the number of different normal coordinates. Within the harmonic approximation the JT distortion can be analysed as a linear combination of all totally symmetric normal modes in the low symmetry minimum energy conformation. Geometry of the low symmetry (LS) energy minimum is chosen to be the origin of the configuration space, R LS =0. Every point X on the potential energy surface can be represented by a 3N dimensional vector, R X , using mass-weighted generalized coordinates relative to the origin. Within the harmonic approximation it is possible to express R X as a linear combination of N a 1 totally symmetric normal coordinates in LS:
where w Xk are weighting factors which represent the contribution of the displacements along the different totally symmetric normal coordinates to the R X ; Q k are mass-weighted totally symmetric normal coordinates, which are the eigenvectors of the Hessian, obtained by the DFT frequency calculations in the LS minimum energy conformation. The corresponding eigenvalues are λ k . Energy of the the nuclear configuration R X , E X , relative to the LS energy minimum is expressed as the sum of the energy contributions of the totally symmetric normal modes:
Force at any given point (X), F Xk is defined as a derivate of energy over Cartesian coordinates and in the high symmetry (HS) point indicates the main driving force for the JT distortion. The total distortion force is given as a vector sum of the individual forces.
where M is a diagonal 3N × 3N matrix with atomic masses in triplicates as elements (m 1 , m 1 , m 1 , m 2 , . . . , m N ). F Xtot , the force which drives the nuclei to the LS minimum gives the direction from one to the another point on the adiabatic potential energy surface in a way of maximizing decrease of the energy. Path from the HS to the LS minimum obtained in this way is the Intrinsic Distortion Path (IDP), which gives additional information about the microscopic origin and mechanism of the distortion. Details about this approach has been described in our previous papers [4, 14] .
Results and Discussion
As mentioned in the Introduction, we have investigated the four diastereoisomers for both chelate complexes ([Cu(en) 3 ]
2+ and [Cu(eg) 3 ] 2+ ). λλλ and δδδ isomers exibit D 3 symmetry. The Single Occupied Molecular Orbital (SOMO) belongs to irrep. e in D 3 point group and the descent in symmetry due to the JT effect goes to C 2 . Flipping the C−C backbone in one of the five-membered rings from λ to δ, or vice versa, reduces the symmetry to C 2 . SOMO in these cases belongs to either a or b irrep. In order to have a comparison of the vibronic coupling in all the four isomers for δλλ and δδλ geometry optimization was performed forcing both a and b orbitals to have 1.5 electrons. In this way we have obtained the geometry where the two states are accidentally degenerate, and all Cu−L bond lengths are the same. This represents quasy -D 3 , high symmetry, geometry for this two isomers.
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DFT calculations shows a strong evidence for the JT distortion in all diastereoisomers of [Cu(en) 3 ]
2+ . It can be clearly seen (Table 2 and Table  3 ) that minima on the potential energy surface for each isomer correspond to the tetragonaly elongated octahedron. Global minima is elongated Δλλλ-[Cu(en) 3 ] 2+ , with four nitrogen atoms at 2.04Å, two nitrogen atoms at 2.47 Afrom the central metal ion, and with trans angle at Cu 2+ of 173
• . The geometry nicely agrees with the X-ray structure [29] . In agreement with this theoretical arguments, the majority of X-ray structure determinations on tris(ethylenediamine) metal complexes revealed Δλλλ or Λδδδ configuration and none for Cu(II) mixed ring conformations, according to the Cambridge Structural Database (CSD).
Bond lengths and angles are almost the same for all the isomers, and the difference is in the sign of the torsional angle N−C−C−N. Inversion of the rings to achieve another conformation was not observed during the geometry optimization. This analysis of the geometries suggests that the JT distortion is not dependent on the conformation of the chelate rings. This is verified by the values of the JT parameters which are almost the same for all the isomers, Table 3 . E JT of 2.2×10
3 cm −1 is in agreement with experimentally determined results 2.0 ± 0.2 × 10 3 cm −1 [30] . Energy differences between elongated forms, as well as between the regular symmetrical configuration for all the four isomers correspond to the recent theoretical investigations on tris(ethylenediamine) complexes [11, 12] . Large difference between the energies of elongated and compressed forms for each isomer, (0.58±0.02×10
, is a consequence of the second order JT effect, and the potential energy surfaces are warped.
In the C 2 energy minimum conformation [Cu(en) 3 ] 2+ has 53 totally symmetric normal modes. The skeletal vibrations are coupled with the vibrations of the chelate rings and the normal coordinate analysis is complicated. Still, we are able to distinguish 4 skeletal type modes which are the most important for the distortion. Their contribution to the distortion and the contributions to the energy stabilisation are listed in Table 4 . Analysis of the IDP shows that distortion starts with a breathing mode, contribution of which decreases fast along the path. Contribution of metal-ligand stretching is however increasing and dominates until 60 % of the IDP. Importance of skeletal bending increases with increasing deviation from the HS point.
Breathing mode corresponds to a 1 irrep in D 3 point group, so it does not lower the symmetry. It is interesting that distortion actually starts with this normal mode and not with metal-ligand stretching modes, which correspond to the e irrep in D 3 , and which are mainly responsible for the elongation or compression of the complex octahedra. Reason for this is that breathing mode is the hardest of the skeletal modes in an octahedral arrangement [31] .
Changes of the contributions of these normal modes are depicted on 
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The JT parameters for the four isomers of [Cu(eg) 3 ] 2+ have been calculated from the results of multideterminental DFT calculations (Table 5 ) and 2+ and by LS totally symmetric normal modes in harmonic approximation. Frequencies of selected normal modes are in cm −1 as obtained from ADF calculations; contribution of the normal mode Q k to the distortion is given by c k in %; E i energy contribution of Table 6 . The calculated order of stability for elongated, the most stable forms is: Δδλλ > Δλλλ > Δδδλ > Δδδδ. The absolute minimum is an elongated Δδλλ-[Cu(eg) 3 ]
2+ , in agreement with only two X-ray structures found in CSD [32] .
On a first sight it may look surprising that we obtained larger value for E JT , 1.98 − 2.42 × 10 3 cm −1 in comparison to the experimental determination of JT parameters for the CuO 6 chromophore, 1.81 ± 0.19 × 10 3 cm −1 [30] . In addition, experimental evidence suggested that E JT for the CuO 6 chromophore should be smaller than for the CuN 6 chromophore. Furthermore, energy differences between isomers are larger than in the case of analogues ethylenediamine complexes, and the JT parameters are distinctive. These discrepancies are due to the orientation of the lone pair on oxygen.
In high symmetry configurations there are weak intramolecular hydrogen bonds involving H and O atoms on the λ rings. The number of hydrogen bonds decreases with a change of the ring conformation from λ to δ. Thus, in D 3 δδδ diastereoisomer hydrogen bonding is not observed. On the other hand, in all tetragonally elongated isomers hydrogen bonds are present. Stronger ones are observed in δδλ and δλλ isomers. This gives a possible explanation for the encountered results. The JT effect is responsible for the different Cu−O bond lengths and enhances the intramolecular hydrogen bond formation, which causes the distortion of the angles around Cu(II) ion, Fig. 5 . Due to the presence of counter ion (SO 2+ has 44 totally symmetric normal modes, but seven of them are most dominant, contributing more than 95 % to the total distortion, Table 7 . Changes of the contribution of these seven modes to the distortion along the IDP are depicted in 2+ distortion starts along the breathing mode which decreases rapidly. Distortion in the second part of IDP is governed by metal-ligand stretching, typical JT active modes. When their contribution becomes lower the contribution of bending modes accompanied with conformational changes of the chelate rings increases. The IDP analysis confirms that the JT elongation of the complex octahedra enhances hydrogen bonding.
Conclusions
DFT is nowadays the theoretical method of choice for studying coordination compounds, i.e. Werner-type complexes. The results obtained in this work demonstrate once more the good ability of multideterminental DFT approach to predict JT parameters as well as corresponding geometries with reasonable accuracy.
As a consequence of the JT effect all four isomers of [Cu(en) 3 ] 2+ tetragonally elongate to the C 2 configurations. Almost equal JT parameters for all diastereisomers indicates that conformations of chelate rings do not affect the JT distortion. Tetragonal elongation is present in the case of [Cu(eg) 3 ]
2+
as well. We want to point out that although ethyleneglycol is analogues to the ethylendiamine ligand one should take care how far this analogy holds. The lone pair on oxygen atom in ethyleneglycol can cause some significant differences. As we have shown in this work, distortion of octahedra due to the JT effect in the case of the free ion [Cu(eg) 3 ]
2+ , enhances the hydrogen bond formation which increases the distortion of the whole complex ion. Hence, overall stabilisation energy in this system comes from the two synergic effects: JT effect and hydrogen bond formation. Quantifying these effects will be the subject of our further work.
